Protein ubiquitination is a widespread post-translational modification that regulates the activities of myriad eukaryotic proteins in various cellular functions 1 . To conjugate ubiquitin to different protein targets with high specificity, eukaryotic cells have evolved a large number of enzymes, known as ubiquitin E3 ligases, that can each recognize one or a limited set of specific protein substrates and catalyze the ubiquitin transfer reaction together with ubiquitin-activating E1 and ubiquitin-conjugating E2 enzymes 2 . The cullin-RING ligases represent the largest superfamily of multisubunit E3 ubiquitin ligases in eukaryotic cells 3 . Organized by a catalytic core consisting of a cullin scaffold and the RING-domain protein Rbx1, the cullin-RING complexes all feature interchangeable substrate receptor subunits, which are docked to the E3 ligase platform through an adaptor. By combining different substrate receptors with the same catalytic core, the cullin-RING E3 complexes greatly expand their substrate repertoire while maintaining high specificity. In humans, six closely related cullin proteins (CUL1, CUL2, CUL3, CUL4A, CUL4B and CUL5) have been identified, each capable of assembling a distinct family of E3 complexes.
Protein ubiquitination is a widespread post-translational modification that regulates the activities of myriad eukaryotic proteins in various cellular functions 1 . To conjugate ubiquitin to different protein targets with high specificity, eukaryotic cells have evolved a large number of enzymes, known as ubiquitin E3 ligases, that can each recognize one or a limited set of specific protein substrates and catalyze the ubiquitin transfer reaction together with ubiquitin-activating E1 and ubiquitin-conjugating E2 enzymes 2 . The cullin-RING ligases represent the largest superfamily of multisubunit E3 ubiquitin ligases in eukaryotic cells 3 . Organized by a catalytic core consisting of a cullin scaffold and the RING-domain protein Rbx1, the cullin-RING complexes all feature interchangeable substrate receptor subunits, which are docked to the E3 ligase platform through an adaptor. By combining different substrate receptors with the same catalytic core, the cullin-RING E3 complexes greatly expand their substrate repertoire while maintaining high specificity. In humans, six closely related cullin proteins (CUL1, CUL2, CUL3, CUL4A, CUL4B and CUL5) have been identified, each capable of assembling a distinct family of E3 complexes.
The human CUL4A and CUL4B proteins can both interact with the evolutionally conserved DDB1 adaptor protein and assemble a unique family of cullin-RING ligase complexes, hereafter referred to as the CUL4-DDB1 E3s [4] [5] [6] [7] . The cellular functions regulated by CUL4-DDB1 E3s include DNA repair [8] [9] [10] [11] [12] [13] [14] , DNA replication 5, [14] [15] [16] [17] [18] , transcription 19 and signal transduction 20, 21 . Unlike other cullin adaptors, DDB1 consists of three β-propeller domains (BPA-BPC) 22 . The BPB domain interacts with the N-terminal end of the CUL4 scaffold, whereas the structurally coupled BPA-BPC double propeller fold is responsible for docking a family of substrate receptor proteins, known as DCAFs 4, 5 or DWDs (DDB1-binding WD40 proteins) 6 . Although the cellular functions of many DCAFs remain poorly understood, most are characterized by a WD-repeat domain that might provide the substrate-binding sites, as seen in other cullin-RING E3 complexes 23, 24 . However, as they lack a conserved DDB1-binding motif outside the WD-repeat domain, it is unclear how DCAFs are selectively recognized by DDB1 among all WD-repeat proteins. A double DxR motif on the surface of the WD-repeat domains of DCAFs and a DWD motif within the DCAF WD-repeat sequences have been separately proposed as the signature motif for the CUL4-DDB1 substrate receptors [4] [5] [6] . However, neither motif is strictly shared among all experimentally identified DCAFs, indicating that a more complex mechanism might underlie the specific docking of DCAFs to DDB1.
As widely expressed cellular ubiquitin ligases, the cullin-RING E3 complexes are frequently subverted by pathogenic viruses 3, 25 . By bridging a cellular target to the adaptor or a substrate receptor of a cullin-RING E3, a number of viral proteins can hijack the cellular E3 machinery for ubiquitinating and degrading antiviral or regulatory factors of the host. One of the best examples is the paramyxovirus V protein, which functionally mimics DCAFs to dock the STAT protein in the interferon signaling pathway to the CUL4-DDB1 ligase [26] [27] [28] , thereby promoting the polyubiquitination and rapid turnover of STAT and blocking the antiviral response of the host cells. The hepatitis B virus (HBV) X protein (HBx), which is important for viral replication in vivo 29 , is another viral protein that specifically interacts with DDB1 30 . Although the mechanism by which HBx mediates viral replication remains elusive, 1 0 6 VOLUME 17 NUMBER 1 jaNUaRy 2010 nature structural & molecular biology a r t i c l e s its interaction with DDB1 is essential for its reported cytotoxic and stimulatory activities in cultured cells and might be required for efficient viral infection [31] [32] [33] [34] [35] . In this study, we set out to reveal the structural basis and functional relevance of the HBx-DDB1 interaction. We show that, despite sequence diversity, HBx anchors itself on DDB1 through an α-helical motif that is also used by the paramyxovirus V protein.
Like the paramyxovirus V protein, HBx requires the intact CUL4-DDB1 complex, and probably the ligase activity of the E3 machinery, to exert its functions. Upon revealing the common structural element used by both viral proteins to functionally mimic DCAFs, we further identify a similar and previously unrecognized α-helical motif in the cellular substrate receptors of the CUL4-DDB1 ubiquitin ligase that is essential for the assembly of the modular E3 machinery.
RESULTS

Crystal structures of DDB1-HBx and DDB1-WHx peptides
HBx is a 17-kDa small regulatory protein that is conserved among mammalian hepadnaviruses 30 . Like HBx, the woodchuck hepatitis virus X protein (WHx), which is essential for efficient viral infection, also binds DDB1 (refs. 36,37) . Previous studies have mapped a partially conserved sequence motif in HBx and WHx that is important for DDB1 association 38 (Fig. 1a) . To unravel the structural basis of the interaction between DDB1 and the viral X proteins, we determined the crystal structures of human DDB1 in complexes with peptides corresponding to these central fragments of HBx and WHx ( Table 1) . The structure revealed that the HBx peptide adopts a three-turn α-helical conformation and binds to DDB1 at the large pocket enclosed by its BPA-BPC double propeller fold (Fig. 1b) . With few contacts to the DDB1 BPA domain, HBx predominantly interacts with the 'top' surface of the DDB1 BPC domain through residues that are mainly located at the bottom side and the two ends of the α-helical structure. At the opening of the DDB1 double propeller pocket, the N-terminal end of the HBx peptide helix interacts with a DDB1 loop (4b-4c loop) projecting from the BPC domain. Deep inside the pocket, the viral sequence ends its helical conformation and points its C terminus back towards the entrance of the DDB1 pocket (Fig. 1b) .
The WHx peptide adopts the same helical conformation as HBx does upon interacting with DDB1, despite their divergent sequences (Fig. 1c-e) . The two viral DDB1-binding sequences have only three invariant amino acids, all of which are found at the C-terminal end of the helical motif (Fig. 1a) . Of these conserved residues, the arginine residue (Arg96 of HBx, Arg94 of WHx) forms two hydrogen bonds with DDB1; the leucine residue (Leu98 of HBx, Leu96 of WHx) is accommodated by a hydrophobic patch on the DDB1 BPC domain formed among Leu328, Pro358, Ala381 and Phe382; and the glycine residue (Gly99 of HBx and Gly97 of WHx) terminates the helix (Fig. 1c) . In both structures, this part of the interface is strengthened by two DDB1 residues, Arg327 and Asn1005, each donating a hydrogen bond to a carbonyl group of the helical peptide backbone (Fig. 1c) .
The sequences of the N-terminal halves of the HBx and WHx helical motifs are notably divergent, with no strictly conserved amino acid (Fig. 1a) . Most DDB1-contacting residues in this part of the two X proteins, nevertheless, show overall conserved side chain properties and contribute to the DDB1 interaction in a conserved fashion. In particular, Phe87, Val88 and His91 of WHx and their corresponding HBx residues mediate the intermolecular docking by packing against the same residues on the 'top' surface of the DDB1 BPC domain (Fig. 1d) . Superposition analysis of the two structures, by contrast, revealed unexpected structural differences in DDB1 when it interacts with the two X proteins. In the DDB1-WHx complex, three hydrogen bonds are formed between the N-terminal end of the viral helix and the DDB1 4b-4c loop, two made by the first amino acid of the viral helical motif (Asn86), whereas in the DDB1-HBx structure, the DDB1 loop is pushed further out by the viral helix, making only hydrophobic and van der Waals contacts with the Nterminal end of the viral peptide (Fig. 1d) . Next to the middle part of the viral helices, another surface loop of the DDB1 BPC domain also adopts different conformations in the two complex structures ( Supplementary  Fig. 1) . Thus, the combination of the hydrophobic surface properties and the intrinsic plasticity of the 'top' surface of the DDB1 BPC domain allow it to accommodate the viral helical motifs with substantial sequence variation. Overall, the two viral peptides fold into a similar short α-helix and anchor themselves deeply into the large DDB1 double propeller pocket, burying a total surface area of ~800 Å 2 from the two subunits.
Comparison of the DDB1-binding motifs of HBx and SV5-V
The helical DDB1-binding motif of the viral X proteins is reminiscent of the paramyxovirus SV5-V protein, which also contains an N-terminal helical sequence that interacts with the DDB1 double propeller pocket 22 . a r t i c l e s Superposition analysis showed that the SV5-V N-terminal sequence and the X protein peptides adopt essentially the same helical structure and occupy the same surface area on the DDB1 BPC domain (Fig. 1e) . Notably, the amino acid sequence of the SV5-V helical motif is significantly different from that of the HBx helical motif (Fig. 1a) . Consistent with the lack of detectable sequence homology between the unrelated viral V and X proteins, the DDB1-binding motifs of HBx, WHx and SV5-V have no amino acids in common when they are aligned on the basis of their structures. Only when they are aligned in pairs does the helical motif of WHx show sequence similarity to each of the other two, but in nonoverlapping positions (Fig. 1a) . Close examination of the interfaces in all three structures revealed several common key contacts made by the viral motifs through amino acids of the same or similar types. For instance, all the hydrophobic residues of the SV5-V helix (Val24, Phe27 and Val32) form hydrophobic interactions with the same DDB1 residues as their corresponding residues in HBx and WHx do. The same hydrogen bond network that is formed among the backbone groups of the WHx peptide and the surface residues of the DDB1 BPC domain is also found in the DDB1-SV5-V structure. Together, these structural analyses indicated that the unrelated paramyxovirus V and hepatitis virus X proteins share a common mechanism for DDB1 interaction, which involves the docking of a short α-helical motif formed by relatively variable sequences to DDB1.
The BPA-BPC double propeller of DDB1 as the HBx-binding site
To verify the crystallographic results in the context of the full-length proteins, we performed structure-based mutation analyses of DDB1. We first investigated whether the binding of full-length HBx involves the structurally independent BPB domain of DDB1 (Fig. 1b) . We found that a DDB1 deletion mutant lacking the entire BPB domain interacts normally with HBx and WHx in a yeast two-hybrid assay (Fig. 2a) . The same was true for the SV5-V protein ( Supplementary  Fig. 2a ). These results suggest that, like SV5-V, HBx and WHx interact with only the BPA-BPC module of DDB1 (ref. 22) . We next probed the importance of the 'top' surface of the DDB1 BPC domain for holding the full-length viral X proteins in place. Our analysis focused on two DDB1 amino acids, Ala381 and Phe382, that pack against the HBx Leu98 residue deep inside the DDB1 double propeller pocket (Fig. 1c) . A DDB1 double mutant (dm) bearing charged substitutions at these two positions (A381E and F382D) effectively disrupted the binding of DDB1 to full-length HBx and WHx and also impaired binding of DDB1 to SV5-V ( Fig. 2b and Supplementary  Fig. 2a) . The DDB1 double mutant bound normally to a cellular DDB1 partner of unknown function 4 , Trpc4AP, which also interacted with the DDB1 double propeller (Fig. 2b and Supplementary  Fig. 2b-d) . This control experiment indicates that mutations of the two DDB1 residues abolished viral protein binding without affecting the proper folding of DDB1. Consistent with these results, mutation of Leu98 in HBx has been shown to compromise its binding to DDB1 (ref. 34) . These analyses underline the importance of the interface between the viral helical motif and the 'top' surface of the DDB1 BPC domain for intact HBx-DDB1 complex formation.
The viral helix-DDB1 interface is critical for cytotoxicity
To test the functional importance of the interaction between DDB1 and the X protein helical motif, we investigated whether HBx would retain its deleterious activity in mammalian cells that expressed DDB1 mutants defective for HBx binding in place of endogenous DDB1. Because DDB1 is essential for cell viability 39, 40 , we first examined whether the BPA-BPC double propeller pocket is essential for DDB1 function. This was done by testing the DDB1 double mutant and two additional DDB1 quadruple mutants (qm1 and qm2), both of which have four amino acids that are simultaneously mutated at the viral helical motif-binding site, for their abilities to functionally substitute for wild-type DDB1. We found that small interfering RNA (siRNA)-mediated silencing of DDB1 inhibited HeLa cell growth in a colony formation assay, as expected (Fig. 2c) . These cells could be largely rescued by transfection with an siRNA-resistant form (SiR) of wildtype DDB1 and, to a lesser extent, with the SiR form of the DDB1 double mutant, but not by transfection with two SiR DDB1 quadruple mutants (Fig. 2c) . Western blot analysis using hemagglutinin (HA) epitope-tagged DDB1 to distinguish it from the endogenous protein showed that the siRNA-mediated knockdown of DDB1 is efficient and specific and that the DDB1 SiR wild-type (WT) and double-mutant Values in parentheses correspond to the highest-resolution shell. One crystal was used for each dataset.
a r t i c l e s variants are expressed at close to normal levels ( Supplementary Fig. 3 ).
As all three DDB1 mutants retain CUL4-binding activity (data not shown), these results suggest that the DDB1 pocket occupied by the viral helical motif is essential for the cellular functions of DDB1.
As the DDB1 double mutant that cannot bind HBx still supports DDB1-dependent cell viability, we next assessed the cytotoxic activity of HBx in the DDB1 double mutant background. We generated HeLa cells depleted for DDB1 by siRNA and expressing the siRNA-resistant version of either wild-type DDB1 or the DDB1 double mutant. The cells were then transduced with lentiviral vectors encoding GFP, GFP-HBx or the GFP-HBx (R96E) point mutant, which is defective for DDB1 binding 34 . Transduction efficiency, determined 5 d later by FACS analysis for GFP fluorescence, was high in all cases (Fig. 2d, left) . A similar FACS profile was obtained 16 d after transduction with cells expressing GFP or GFP-HBx (R96E) (Fig. 2d, right) , indicating that expression of these proteins confers no major growth disadvantage to cells. By contrast, the proportion of GFPHBx-expressing cells decreased markedly in control cells normally expressing endogenous DDB1 and in cells complemented with the wild-type DDB1 SiR variant (Fig. 2d, right) , consistent with HBx exerting deleterious activities in these cells. However, cells complemented with the HBx-defective DDB1 (dm SiR ) mutant did not show this deleterious effect of HBx. In fact, most cells in this case remained GFP-positive at day 16 (Fig. 2d, right) and showed proliferation in a colony formation assay ( Supplementary  Fig. 4) . Thus, HBx is expressed but largely lacks cytotoxic activities in these cells. This result proves that HBx acts through its interaction with DDB1 and that binding of the viral helical motif to the 'top' surface of the DDB1 BPC domain is essential for the effects of HBx.
HBx binds DDB1 to reprogram the CUL4 E3 ligase
The common DDB1-binding motif shared between HBx and the paramyxovirus V protein suggests that HBx might function as SV5-V does by subverting the normal function of the cellular ubiquitin ligase complex. To address this issue, we first tested whether HBx can physically integrate into the CUL4A-DDB1 complex. Figure 3a shows that, upon co-transfection, both HA-DDB1 and Myc-CUL4A coimmunoprecipitated efficiently with GFP-HBx, whereas much lower amounts were recovered with the HBx (R96E) mutant, which does not bind DDB1 efficiently.
Next, we generated a mutant of DDB1 defective in CUL4 binding to test whether CUL4 and the rest of the E3 ligase complex are required for HBx activities. Our previous structural studies revealed that CUL4A interacts with DDB1 by contacting both the 'top' surface and one peripheral side of the DDB1 BPB domain 22 . Although simultaneous mutations of three crucial residues (W561K, I587D and R589E) on the 'top' surface of the DDB1 BPB domain were not sufficient to disrupt the binding of DDB1 to CUL4A (data not shown), introduction of a fourth amino acid substitution, A400D, at the peripheral side of the DDB1 BPB domain completely abolished complex formation as assessed by coimmunoprecipitation analysis (Fig. 3b) . Because the resulting mutant, DDB1 (m4), fails to substitute for endogenous DDB1 (Fig. 2c) , we tested the mutant for its ability to support HBx-induced cytotoxicity following an established method. Our previous studies have shown that a covalent link between HBx and DDB1, by acting as a 'clamp' that forces the two proteins together, prevents HBx from interacting with endogenous DDB1 and restores the activity of the HBx (R96E) DDB1-binding mutant 41 . We now found that, with the same expression level, HBx inhibited cell growth in a colony-forming assay when fused to wildtype DDB1, as expected, but not when fused to the DDB1 (m4) mutant (Fig. 3c) . Hence, HBx probably requires DDB1 to be bound to CUL4A to carry out its cytotoxic activity.
To determine the requirements of HBx for stimulation of HBV replication, we tested the two fusion proteins in an HBx-dependent replication system in which the HBx function can be provided in trans 32 . In this assay, human hepatoma cells are transfected with either a wild-type HBV genome or a mutant lacking a functional HBx gene, with or without cotransfection of an HBx expression plasmid. 
r t i c l e s
The amount of viral DNA recovered from purified cytoplasmic core particles is quantified by real-time PCR. Replication of the HBx-deficient HBV genome was much lower than that of the wild type (Fig. 3d) . Replication could be restored by cotransfection of HBx but not of the HBx (R96E) DDB1-binding defective mutant. Notably, both wildtype HBx and the HBx (R96E) mutant showed stimulatory activities when fused to native DDB1. However, they were essentially inactive when linked to the CUL4A-binding defective DDB1 (m4) mutant. We found the same effect when the HBx fusions were tested for their ability to stimulate transcription of a luciferase reporter gene under the control of the HBV enhancer I element (Supplementary Fig. 5 ). Finally, none of these HBx-induced effects could be achieved by depleting DDB1 with siRNA or SV5-V coexpression (Supplementary Figs. 6-8) . These results highlight the importance of the binding of DDB1 to CUL4A for HBx activities and suggest that HBx interacts with DDB1 to exploit the ligase function of the cellular E3 machinery instead of inhibiting it. Identification of the precise substrate that is ubiquitinated by the HBx-hijacked CUL4-DDB1 E3 complex awaits future investigation.
A DCAF9 -helical motif is crucial for DDB1 binding
By reprogramming the cellular CUL4-DDB1 E3 ligase, the viral X and V proteins functionally mimic DCAFs, the modular substrate receptors of the E3 complex. The common DDB1-docking mode adopted by the two viral proteins raises the possibility that docking of DCAFs to DDB1 might involve the same helical motif. Our previous studies have shown that the WD repeat-containing DCAF proteins interact with DDB1 on its BPA-BPC double propeller fold 4 . If DCAFs bind to the ' top' surface of the DDB1 BPC domain, the X protein peptides should be able to compete with DCAFs for DDB1 binding. We tested this in an in vitro pulldown assay with purified recombinant proteins. DDB1 showed robust interaction with GST-fused DCAF9, a DCAF protein identified in our previous proteomic studies and also known as WDTC1 (ref. 4) , whereas the two proteins could no longer form a stable complex when DDB1 was preloaded with the α-helical DDB1-binding peptide of WHx (Fig. 4a) . This result suggests that the 'top' surface of the DDB1 BPC domain might also be directly involved in DDB1-DCAF9 interactions. The WD-repeat domains of most DCAFs are formed exclusively by β-strands, which fold into a globular β-propeller fold. It is therefore unlikely that the DCAFs use their WD-repeat domain to interact with the 'top' surface of the DDB1 BPC domain as the viral helical sequences do. As DCAF9 has sequence extensions beyond both ends of its predicted WD-repeat domain, we hypothesized that a r t i c l e s these regions outside the WD repeats might be responsible for contacting the DDB1-BPC 'top' surface. Indeed, binding analysis with a series of DCAF9 truncation mutants showed that removal of the N-terminal 26 amino acids was sufficient to abolish DCAF9-DDB1 interaction, whereas C-terminal truncation of DCAF9 had little effect (Fig. 4b,c) . Intriguingly, amino acids 5-17 in the N-terminal sequence of DCAF9 are predicted to form an α-helix and show moderate sequence similarity to the three viral DDB1-binding helices (Fig. 5) . These properties of the DCAF9 N-terminal sequence indicate that the DCAF9 substrate receptor of the CUL4-DDB1 E3 might also use a short α-helical motif to dock to DDB1 at the double propeller pocket.
To test this idea, we determined the crystal structure of DDB1 in complex with a peptide corresponding to amino acids 5-17 of the DCAF protein ( Table 1) . Consistent with our binding analysis and the secondary structure prediction result, the DCAF9 peptide adopts a helical conformation and interacts with the 'top' surface of the DDB1 BPC domain in the same manner as do the three viral proteins (Fig. 5a,c) . Despite considerable sequence variation in its N-terminal half, the helical DDB1-binding motif of DCAF9 makes contacts with DDB1 similar to those observed in the viral protein-DDB1 complexes. Point mutation of selected residues in this DCAF9 motif significantly weakens the association between the two proteins. These results again underscore the capability of the DDB1 BPC domain to accommodate variable helical sequences through its 'top' surface. Notably, they show that a DCAF protein binds DDB1 through an α-helical motif anchored at the DDB1 double propeller pocket, and that this binding mode is mimicked by the viral hijackers. Given the α-helical structure of the motif and its presence in the HBx protein, we name it the H-box.
H-box in substrate receptors of the CUL4-DDB1 E3
In the primary sequence of DCAF9, the H-box motif is located about 30 amino acids N-terminal to the first predicted β-strand of the WD-repeat domain. To reveal whether other DCAF proteins have a similar motif, we searched in this region of other DCAFs for a short sequence that is predicted to adopt an α-helical structure and shares a similar sequence pattern with the H-box motifs from DCAF9 and the three viral proteins. On the basis of the four available crystal structures, we outlined the H-box motif as a 13-amino-acid sequence with a noncharged polar residue or a nonaromatic hydrophobic residue at position 1, generally hydrophobic residues at positions 2, 3 and 6, and a valine, leucine or isoleucine residue at position 11. Furthermore, an arginine residue is preferentially found at position 9 and a glycine residue at position 12 or 13. In six additional DCAFs (DDB2, DCAF4, DCAF5, DCAF6, DCAF8 and DCAF12), a potential H-box motif can be identified that fits these criteria (Fig. 5b) . Owing to their sequence divergence and short length, these motifs were not recognized in previous analyses, although a truncation mutant of DDB2 lacking part of the predicted H-box motif has been shown to be important for DDB1-DDB2 interaction 5 . To verify that these predicted helical motifs in DCAFs interact with DDB1, we determined the crystal structure of DDB1 in complexes with peptides corresponding to the predicted motif in these six DCAFs. Previous studies have shown that an 11-amino-acid region of DDB2 overlapping the predicted H-box motif is important for DDB2-DDB1 association 5 . The DDB2 peptide is α-helical and binds DDB1 in the same fashion as the ones from DCAF9, HBx, WHx and SV5-V (Fig. 5c) , as do the other five DCAF peptides (Supplementary Fig. 9 ). We therefore conclude that at least a large proportion of the substrate receptors of the CUL4-DDB1 ubiquitin ligase use the H-box motif to bind to the DDB1 adaptor protein, a structural mechanism that is also used by viral hijackers of this cellular E3 complex.
DISCUSSION
Although our current studies have identified the H-box motif as a crucial structural element used by both viral and cellular substrate receptors to bind DDB1, several lines of evidence suggest that it is not the only structural contact made by these proteins to dock to the CUL4 adaptor protein. In the crystal structure of the DDB1-SV5-V complex, the viral protein features a C-terminal globular zinc-binding domain that interacts closely with the DDB1 BPC domain outside its 'top' surface 22 . A previous deletion analysis indicated that both the H-box motif and the zinc-binding domain of SV5-V are important for DDB1 binding 42 . Our studies suggest that such a bipartite binding mechanism might be also used by HBx, whose residues outside the H-box sequence also contribute to DDB1 association (E.I.R., P.C.v.B. and M.S., unpublished data). Similar to the viral hijackers, DCAFs might interact with DDB1 through multiple interfaces, which involve not only the H-box motif but also other parts of the polypeptides, probably the common WD-repeat domain. Our previously proposed tandem double DxR motif on the 'bottom' surface of the WD-repeat domains of DCAFs might mediate such interactions, as point mutations in the double DxR motif in several DCAFs effectively abrogate DDB1 binding 4 . We propose that HBx and a r t i c l e s most WD repeat domain-containing DCAF proteins interact with DDB1 through a bipartite interface (Fig. 6) . Inside the DDB1 double propeller pocket, the helical H-box motif of HBx and DCAFs docks to the 'top' surface of the DDB1 BPC domain. Outside the DDB1 pocket, another domain of HBx and the WD-repeat domain of DCAFs might reinforce the assembly by anchoring to the DDB1 double propeller. Although we have found the H-box motif in seven DCAF proteins, it is likely that such a motif also exists in other DCAFs and possibly involves even more divergent sequences. The functional advantage of such a bipartite interface with DDB1 for DCAFs remains to be understood, but it might provide a unique mechanism for the CUL4-DDB1 DCAF E3 complex to switch between productive and nonproductive forms of an E3 machinery without completely disassembling the ubiquitin ligase complex.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
